Avocado is an important tropical fruit whose after-ripening process is still poorly understood. The fatty acid, phenolics, flavonoids, and tannins were analyzed in 'Lisa' avocado (Persea americana Mill. 'Lisa') fruit pulp during after-ripening. The transcriptome was analyzed to screen for transcripts associated with the aforementioned after-ripening parameters. The results showed that there were no significant differences in the total fatty acid content among the preclimacteric, climacteric, and postclimacteric stages. Nevertheless, the concentrations of C18:3 (α-linolenic acid) were significantly higher in the climacteric and postclimacteric stages than the preclimacteric stage. RNAseq generated 235,082 transcripts and 151,545 unigenes. In addition, 4,324 DEGs were produced among the three stages. KEGG analysis of the DEGs suggested the pathways about "α-linolenic acid metabolism, unsaturated fatty acid biosynthesis", "fatty acid degradation", "linoleic acid metabolism and fatty acid biosynthesis", "linoleic acid metabolism and fatty acid elongation", and "fatty acid elongation" may all contribute to the C18:3 variations in 'Lisa' avocado fruit pulp. Several transcription factors, including the ethylene-related transcription factors, such as NAC, MYB, bHLH, and WRKY, were also identified in the DEGs database. This study generated transcript data and screened the transcription factors involved in the avocado after-ripening process. This information could be used to control after-ripening in avocado and maintain fruit quality during storage.
Introduction
Avocado (Persea americana Mill.) is a fruit tree indigenous to tropical-and subtropical regions. Avocado fruit has long been considered a healthful food. Research has shown that it can be useful in the management of hypercholesterolemia and hypertension (Dreher and Davenport, 2013) . Consumer demand for avocado has significantly increased in recent years. Avocado trees have been cultivated in the southern Chinese provinces of Guangdong, Guangxi, Hainan, and Yunnan. The area under avocado cultivation has rapidly expanded (Zhang et al., 2015) . Postharvest storage is an important aspect of avocado production and has presented some challenges in the production area of China (Zhang et al., 2015) . Premature fruit overripening has decreased crop value.
A unique feature of all avocado varieties is that the fruits mature on the tree and ripen after harvest. After-ripening takes 5-7 d at room temperature and the overall fruit quality changes significantly. Several studies indicated that the total fatty acid content remained constant during the afterripening process (Ozdemir and Topuz, 2004; VillaRodriguez et al., 2011) . Nevertheless, the amounts of individual fatty acids (oleic, palmitic, palmitoleic, linoleic, and linolenic) in the pulp might differ (Villa-Rodriguez et al., 2011; Dreher and Davenport, 2013) . The composition and quantity of total phenolics, flavonoids, tannins and other fruit quality indices may also vary in the after-ripening process (Villa-Rodriguez et al., 2011) . It is still unknown phenol reagent, and 4 mL 10% (w/v) Na2CO3 were mixed and incubated in darkness for 2 h at 25 °C. The absorbance was then measured at 765 nm. The phenolic content was estimated from a gallic acid standard curve and expressed as mg g -1 dry weight. The amount of tannin in the extracts was determined according to Temill et al. (1990) . F-D solution was prepared by dissolving 50 g sodium tungstate and 10 g phosphomolybdic acid in 375 mL water in a 500-mL conical flask. Twenty-five milliliters 85% H3PO4 was then added, and the flask was kept in a boiling water bath for 2 h. The solution was cooled then made up to a constant volume of 500 mL. A 0.4 mL extract aliquot, 1.2 mL F-D solution, 2 mL saturated Na2CO3, and 6.4 mL water were mixed and incubated in darkness at 25 °C for 30 min. The absorbance was then measured at 755 nm. The tannin content was estimated from a standard curve and the results were expressed as mg g -1 dry weight. The amount of total flavonoids in the extracts was determined using the method of Djeridane et al. (2006) . In brief, 1 mL extract, 2.7 mL 30% v/v aqueous ethanol, 0.15 mL 0.5 M NaNO2, and 0.15 mL 0.3 M AlCl3 were mixed in a 10-mL centrifuge tube and left to stand for 5 min. Then 1 mL 1 M NaOH was added to the centrifuge tube and the absorbance was measured at 506 nm. The total flavonoids were estimated from a rutin standard curve and expressed as mg g -1 dry weight. Total fatty acids were extracted by the hexaneisopropanol method (Hara et al., 1978) . The extracted lipids were weighed, resuspended in hexane, converted to fatty acid methyl esters by a base-catalyzed methylation reaction, and analyzed for fatty acid composition using a gas chromatograph coupled with a flame ionization detector (GC-FID; Varian 3800). Fatty acids were quantified against triheptadecanoin added as an internal standard prior to lipid extraction .
Total RNA extraction and RNA sequencing Total RNA was isolated from nine samples of avocado fruit with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and treated with DNase I to eliminate genomic DNA. RNA quality was determined by 1% agarose gel electrophoresis. A NanoPhotometer spectrophotometer (Implen, Los Angeles, CA, USA) was used to detect degradation and contamination. A Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) measured the RNA concentration. An Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) verified sample integrity.
A total of 1.5 μg RNA per sample was used as input material. Sequencing libraries were generated using a NEBNext ® Ultra ™ RNA Library Prep Kit for Illumina ® (NEB, Ipswich, MA, USA) following the manufacturer's recommendations. Index codes were added to the attribute sequences for each sample. Briefly, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried out using divalent cations at elevated temperature in NEBNext first-strand synthesis reaction buffer (5X). First-strand cDNA was synthesized using random hexamer primer and M-MuLV reverse transcriptase (RNase H). Second-strand cDNA was then synthesized with DNA polymerase I and RNase H. The remaining overhangs were converted into blunt ends by how avocado fruit quality is regulated at the transcription level. Transcription factors participate in the biosynthetic pathways of phytohormones like ethylene and abscisic acid which control after-ripening. Specifically, MADS-box, NAC, SBP/SPL, and AP2/ERF are all involved in the regulation of fruit after-ripening (Shan et al., 2012; Gapper et al., 2013; Elitzur et al., 2016) . The 'Lisa' avocado (Persea americana Mill. 'Lisa') cultivar matures in mid-September in Guangdong Zhanjiang. Its production and quality are stable and consistent. This cultivar is well-suited for cultivation in China. In the present study, the quantity of total fatty acids, phenolics, flavonoids and tannins were determined in the after-ripening stage of 'Lisa' avocado fruit. The composition of the fatty acids was analyzed, and the quantity of each component was also measured. Furthermore, the transcriptome was analyzed to screen transcripts involved in fatty acid biosynthesis. The transcription factors were also identified for clarifying the after-ripening process of 'Lisa' avocado. This study generated transcript data and screened for transcription factors involved in after-ripening. This information may help regulate after-ripening in avocado fruit and maintain fruit quality in storage.
Materials and Methods

Materials and experimental design
Nine fruits of similar size, shape, and weight were selected from each of three avocado trees. The trees were 'Lisa' scions grafted onto 'Kampong' rootstocks and had moderately vigorous growth. They were cultivated in the experimental orchard of the South Subtropical Crops Research Institute, Zhanjiang, China. The trees received standard horticultural treatments including weeding, irrigation, and pest control. The fruits were picked when mature fruit fell from the trees. The fruits were washed with sterile water, dried with sterile gauze, and stored at 20 °C. The nine avocado fruits from each tree were divided into three groups, each consisting of three fruits and representing one biological replicate. The samples were obtained at day 0 (0D), day 3 (3D), and day 6 (6D) after harvest (preclimacteric, climacteric, and postclimacteric stages, respectively). Replicates from the same age group were sampled from the same point on all three trees. The degree of fruit softness was used to determine whether the fruits were climacteric.
Quality index analysis in avocado pulp
The total phenolic content was analyzed according to Katalinic (2006) . Fruit samples were air-dried at 55 °C. One-gram samples were homogenized in a mortar containing 6 mL extraction solution (70% v/v aqueous ethanol). Homogenates were transferred to 10-mL centrifuge tubes and sonicated in an ultrasonic cleaner at 37 °C for 30 min. The centrifuge tubes were then spun at 8,000 × rpm for 10 min at 4 °C. The supernatants were used to determine total phenolics, tannins, and flavonoids. The total phenolics in the extracts were determined according to the Folin-Ciocalteau procedure (Singleton and Rossi, 1965) . Briefly, 0.25 mL each of the extract, 200 mg/L gallic acid, and water, 0.5 mL 1:1 diluted Folin-Ciocalteu's exonuclease/polymerase reactions. After adenylation of the 3' ends of DNA fragments, NEBNext adaptors with hairpin loops were ligated to prepare for hybridization. To select cDNA fragments 150-200 bp long, the library fragments were purified with AMPure XP system (Beckman Coulter, Genomics, Danvers, MA, USA). Then, 3 μL USER enzyme (NEB, Ipswich, MA, USA) were added to the 150-200 bp adaptor-ligated cDNA and maintained at 37°C for 15 min, followed by 5 min at 95°C. PCR was then performed with Phusion ® High-Fidelity DNA Polymerase (NEB, Ipswich, MA, USA), universal PCR primers, and index (X) primer. The PCR products were purified using the AMPure XP system and the library quality was assessed with the Agilent Bioanalyzer 2100 system. For quality control, the Agilent 2100 Bioanalyzer and the ABI StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) were used to determine sample library quantity and quality. Clustering of the index-coded samples was performed with a cBot Cluster Generation System and a TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, CA, USA) according to the manufacturer's instructions. After cluster generation, the nine libraries were sequenced on a Hiseq 4000 (Illumina, San Diego, CA, USA) and paired-end reads were generated (Shu et al., 2016) .
Transcript assembly and functional annotation
Before bioinformatics analysis, the raw sequences were filtered to remove reads containing only adaptor sequences or > 5% unknown nucleotides. Low-quality reads having > 20% bases with a quality value ≤10 were also eliminated. Q20, Q30, GC content, and the sequence duplication level of the clean data were calculated simultaneously. All downstream analyses were based on high-quality clean data. Since the avocado genome had not yet been published, de novo assembly was performed with Novogene (Beijing, China) and the short-read assembly program for avocado in the Trinity software package (v. r2014043p1). The min_kmer_cov: 2 and all other parameters were set at their defaults .
Functional unigene annotation was first performed using the NR, Swiss-Prot protein (http: //www .expasy.ch/sprot) and KOG/COG (https: //www .biostars.org/p/170077) databases by using DIAMOND v. 0.8.22. The e-values were 1e-5 for NR and Swiss-Prot, and 1e-3 for KOG/COG. BLAST v. 2.2.28+ (e-value 1e-5), KASS v. r140224 (e-value 1e-10), and blast2go v. b2g4 | 2.5 (e-value 1e-6) were used to annotate transcripts against Nt (NCBI [National Center for Biotechnology Information] non-redundant nucleotide sequences), KEGG (http:// www. genome. jp/kegg/), and GO (http:// www .geneontology.org/), respectively. When a unigene did not align with any of the above databases, Hmmscan (HMMER) v. 3 annotated by functional domain prediction .
Differential expression analysis
Reads containing adaptors or > 10% unknown nucleotides, and low-quality reads with > 50% bases with a quality value ≤ 5 were removed to obtain uncontaminated sequences. BAM files were created and run in RSEM v. 1.2.17 to calculate the number of reads mapped on the transcript. The number of mapped and filtered reads for each unigene was calculated to obtain the corresponding FPKM (fragments/kb exon/10 6 fragments mapped) values (Li and Dewey, 2011) . DESeq provided statistical routines to determine significant differential expressions in the digital gene expression data using a negative binomial distribution model. The resulting P-values were adjusted using the Benjamini and Hochberg method for controlling the false discovery rate. Genes were considered differentially expressed when they had adjusted P-values < 0.05 according to DESeq. Differential expression analyses of the three replicates were performed using the DEGseq R package. Pvalues were adjusted using the q-value (Storey 2003) . [Qvalue < 0.005 | log 2 (foldchange) | > 1] was set as the threshold for significant differential expression. The heat maps of the selected differentially expressed genes (DEGs) from the different treatments were constructed using MeV v. 4.9.0.
GO enrichment analysis
GO enrichment analysis of the DEGs were run using the GOseq R packages based on the Wallenius non-central hyper-geometric distribution which compensates for gene length bias (Young et al., 2010) .
KEGG pathway enrichment analysis
KEGG is a database used to explain high-level functions in cells, organisms, and ecosystems (Kanehisa et al., 2008 ). It uses molecular-level information from large-scale molecular datasets generated by genome sequencing and other highthroughput experimental technologies. We used KOBAS software to test the statistical enrichment of DEGs in KEGG pathways Supplementary Fig. 1 (Mao et al., 2005) . The flow chart for RNA-seq analysis was shown in Supplementary Fig. 1 .
Statistical analysis
Experimental data were subjected to ANOVA with SAS v. 8.1 (SAS Institute, Cary, NC, USA). The probabilities of significance were determined for the treatments and the least significant difference (LSD; p < 0.05) was used to compare the data.
Results
Quality index analysis in 'Lisa' avocado pulp
The ranges of tannin, total flavonoids, and total phenolics in 'Lisa' avocado fruit pulp were 1.16-1.26 mg/g, 0.31-0.44 mg/g, and 0.47-0.53 mg/g respectively. There were no significant differences in the 0D, 3D, or 6D samples in terms of these indices. Total fatty acid varied in the same way as tannin, total flavonoids, and total phenolics. The total fatty acid content did not significantly change throughout the whole after-ripening process (Fig. 1) . The following twelve fatty acids were identified in the 'Lisa' avocado fruit pulp: C14:0 (myristic acid), C16:0 (palmitic acid), C16:1 (9-cis-hexadecenoic acid), C17:0 (daturic acid), C17:1 (cis-10-heptadecenoic acid), C18:0 (octadecanoic acid), C18:1 (oleic acid), C18:2 (linoleic acid), C18:3 (α-linolenic acid), C20:0 (arachidic acid), C20:1 (cis-11-eicosenoic acid), and C21:0 (heneicosanoic acid). The most abundant fatty acids in the fruit pulp were C16:0 (palmitic acid), C16:1 (9-cis-hexadecenoic acid), C18:1 (oleic acid), and C18:2 (linoleic acid). Their concentrations ranged from 0.1-0.5. Nevertheless, none of their concentrations significantly changed over the course of after-ripening. Although the concentration of C18:3 (α-linolenic acid) ranged from 0.004-0.008, it was significantly higher at 3D and 6D than it was at 0D (Fig. 2) .
Sequence assembly and annotation
Nine samples were sequenced using a Hiseq genome analyzer (Illumina, San Diego, CA, USA). After quality checking and data cleaning, approximately forty million reads of each sample were obtained. Their average length and GC content were 100 bp and 46%, respectively (Supplementary Table 1 ). Assembly of all the reads from the nine samples generated 235,082 transcripts and 151,545 unigenes with average lengths of 904 bp and 1,243 bp, respectively (Table 1) . These unigenes were annotated by 311 the NR, NT, KO, Swissprot, PFAM, GO, and KOG databases. Of the sequences, 51.5% (78,054) were annotated with reference to NR and the balance (73,491) with reference to the others (Table 1) .These transcriptome data were submitted to NCBI sequence read archive No. SRX2944612.
The avocado unigenes most closely matched sequences from lotus (Nelumbo nucifera) (35.6%) and grape (Vitis vinifera) (11.2%) (Fig. 3a) . Of the annotated sequences, 32.8% showed "very strong homology" (E-value < 10 -100 ) and 26.2% displayed "strong homology" (10 -100 < E-value < 10 -45 ) to the available sequences (Fig. 3b) . Of the unigenes, 37.9% showed "very high similarity" (≥ 80%) and 45.1% presented "high similarity" (80% ≥ similarity ≥ 60%) to the matched sequences (Fig. 3c) .
The seven databases were used to classify unigene functions. The avocado unigenes were classified by GO analysis according to "biological process", "cellular component" and "molecular function" (Fig. 4a) . Fig. 1 . Variations in tannin (mg g -1 dry weight), total flavonoids (mg g -1 dry weight), total phenolics (mg g -1 dry weight), and total fatty acids (%) in 'Lisa' avocado fruit pulp during after-ripening.*: data (mean ± SE, n = 3) are significantly different (P < 0.05) Fig. 2 . Variations of fatty acid content (%) in 'Lisa' avocado fruit pulp during after-ripening. *: data (mean ± SE, n = 3) are significantly different (P < 0.05) The avocado pulp contained numerous unigenes annotated as "metabolic process" and "cellular process" under the "biological process" category; "binding" and "catalytic activities" under the "molecular function" category; and "cell" and "cell part" under the "cellular component" category (Fig. 4a) . KOG analysis classified avocado unigenes into twenty-five categories. "Posttranslational modification, protein turnover, and chaperones", "translation, ribosomal structure, and biogenesis" and "general function prediction only" clustered most of the unigenes in KOG (Fig. 4b) . Nineteen categories were classified by KEGG analysis. "Carbohydrate metabolism", "translation" and "folding, sorting and degradation" were the categories with the highest number of unigenes (Fig. 4c) .
Differential gene expression analysis
The DEGs in 'Lisa' avocado fruit during after-ripening were assessed by pairwise comparisons of three time points (0D, 3D, and 6D) with the expression fold (log 2 ratio ≥ 1) and FDR ≤ 10 -3 as the thresholds. The number of DEGs increased with girdling duration.
Thirty-five DEGs (12 upregulated and 23 downregulated) were detected between 3D and 0D. Moreover, 207 DEGs (147 upregulated and 60 downregulated) between 6D and 0D, and 4,222 DEGs (2,283 upregulated and 1,939 downregulated) between 6D and 3D were identified (Fig. 5a) .
The DEGs were classified into "biological process" and "molecular function" by GO analysis. The highest annotated DEG numbers were obtained in "metabolic process" and "single-organism metabolic process" under the "biological process" category, and in the "hydrolase activity, hydrolyzing O-glycosyl compounds" and "hydrolase activity, acting on glycosyl bonds" under the "molecular function" category (Fig. 5b) .
KEGG pathway enrichment analysis of differentially expressed genes
The major biological processes and their unigenes were screened during 'Lisa' avocado fruit after-ripening. Unlike the DEGs at 0D, most of those at 3D were mapped to "plant-pathogen interaction", "amino sugar and nucleotide sugar metabolism", "mismatch repair" and "base excision repair" for avocado (Figs. 6a and 6b; Supplementary Table  2 ). In contrast to the DEGs at 0D, those at 6D were mapped to "RNA polymerase", "RNA transport and RNA degradation" and "α-linolenic acid metabolism" (Figs. 6c and 6d; Supplementary Table 2) . Compared with the DEGs at 3D, those at 6D mapped to "α-linolenic acid metabolism", "biosynthesis of unsaturated fatty acids", "fatty acid degradation", "linoleic acid metabolism fatty acid biosynthesis", "fatty acid elongation" and "linoleic acid metabolism and fatty acid elongation" (Figs. 6e and 6f; Supplementary Table 2 ). The number of DEGs at 6D versus that at 3D was highest in the pairwise comparison of the three time points.
Clustering results of time-course data from RNA-Seq by STEM analysis
DEGs with similar expression patterns were clustered into eight distinct subclusters. DEGs grouped in the same subcluster may be functionally correlated. Subclusters I, II, III, IV, and V showed similar expression models: they upregulated at 3D and downregulated at 6D. Nevertheless, the degrees of up-and downregulation differed among them. The DEGs in subcluster I showed -1 to 1 of log 2 at 3D and -2 to 0 of log 2 at 6D. Subcluster II showed 0 to 2 of log 2 at 3D and -3 to -1 of log 2 at 6D. Subcluster III showed 0 to 6 of log 2 at 3D and 0 to -2 of log 2 at 6D. Subcluster IV showed 0 to 4 of log 2 at 3D and -2 to -4 of log 2 at 6D. Subcluster V showed 0 to 5 of log 2 at 3D and -5 to -10 of log 2 at 6D. Unlike subclusters I, II, III, IV, and V, subclusters VI, VII, and VIII were downregulated at 3D and upregulated at 6D. Most DEGs in subcluster VI showed -4 to 1 of log 2 at 3D and 0 to 2 of log 2 at 6D.
The DEGs in subcluster VII showed -4 to 1 of log 2 at 3D and 2 to 8 of log 2 at 6D. The DEGs in subcluster VIII showed -6 to 0 of log 2 at 3D and 0 to 4 of log 2 at 6D ( Fig.  7; Supplementary Table 3) . 
Gene Transcription Factor
Transcription factor DEGs in 'Lisa' avocado fruit afterripening were selected to construct a heat map which divided the avocado pulp transcription factor DEGs into two subclusters. The unigenes in subcluster I were upregulated at 6D. Those in subcluster II were induced at 3D but downregulated at 6D (Fig. 5A) . Eleven transcription factors associated with ethylene production were identified in this experiment. Five of them were in subcluster I and six in subcluster II. Two NAC transcription factors were also identified: one in subcluster I, and the other in subcluster II. Other transcription factors like MYB, bHLH, and WRKY were also identified (Fig. 8) .
Discussion
The effectiveness of RNAseq in 'Lisa' avocado fruit afterripening
RNAseq detects low-expressing reads (Garber et al., 2011; Wang et al., 2014) and identifies novel transcripts (Handa et al., 2015) . Nevertheless, avocado transcriptome data is still limited. The two parts known avocado transcriptome accrue disease and develop fruit, respectively. The 454 pyrosequencing technique characterizes the root diseases transcripts in avocado. Mahomed and Van den Berg (2011) obtained 10,000 reads and assembled 371 contigs by 454 pyrosequencing to identify the influence of Phytophthora root rot in avocado. Approximately 124 Mb of data and 7,685 contigs were realized by 454 pyrosequencing to identify the response gene for avocado root rot (Reeksting et al., 2014) . Using 454 pyrosequencing, Djami-Tchatchou et al. (2012) found 70.6 Mb of sequence data and annotated 639 unigenes characterizing Colletotrichum gloeosporioides infection. The 454 pyrosequencing process characterized avocado development transcripts also. It generated 4,530,278 high-quality reads (931,834 generated by GS-FLX+, and 3,598,444 pairs generated by MiSeq) from various Persea drymifolia seeds, fruits, leaves, roots, stems, aerial buds, and flowers. These transcripts were implicated in fatty acid metabolism and fruit after-ripening (Ibarra-Laclette et al., 2015) . There were 151,788 contigs generated for Persea americana mesocarp oil biosynthesis using 454 GS FLX . Avocado pulp transcriptome was analyzed using a Hiseq 4000 genome analyzer (Illumina, San Diego, CA, USA). Assembly of all the reads from the nine samples generated 235,082 transcripts and 151,545 unigenes with average lengths of 904 bp and 1,243 bp, respectively (Table 1) . Of the sequences, 51.5% (78,054) were annotated to the NR database, and the balance to the others (Table 1) .The avocado transcriptome data reported in this study increased the number of transcripts related to avocado after-ripening. The Differential Gene Expression analysis, KEGG Pathway Enrichment analysis and Gene Transcription Factor screening help explain the quality changes during avocado after-ripening. Fig. 8 . Heat map of transcription factor DEGs in 'Lisa' avocado fruit pulp after-ripening. Three replicates of 'Lisa' avocado fruit pulp after-ripening at 0D. These include LS0-1, LS0-2, LS0-3, etc. at 3D and 6D. The heat map was constructed based on the fpkm values. All transcription factors cluster into two different subgroups.
Fatty acid variation and the potential biosynthesis pathway
Avocado is valued as a food crop because of its rich flavor, high oil quality and health benefits attributed to its fatty acid content. In the fruit pulp, the fatty acid content steadily increases during fruit development and reaches a plateau a few days after harvest (Werman and Neeman, 1987; Gaydou et al., 1987; Kilaru et al., 2015; IbarraLaclette et al., 2015) . The fatty acid composition does not significantly changes during the after-ripening period. It consists mainly of oleic (C18:1), palmitic (C16:0), and linoleic (C18:2) acids, as well as ten to twenty others in lower concentrations (Bora et al., 2001) . Our data indicated that the amounts of C16:0 (palmitic acid), C16:1 (9-cishexadecenoic acid), C18:1 (oleic acid), and C18:2 (linoleic acid) did not significantly change during the after-ripening process. Nevertheless, C18:3 (α-linolenic acid) increased significantly in the postclimacteric stage. In this study, one objective was to examine the avocado pulp transcriptome for the purpose of identifying the pathways involved in C18:3 promotion. The DEGs associated with the preclimacteric, climacteric, and postclimacteric stages ethylene-related transcription factors, MYB, NAC, bHLH, and WRKY. Those transcription factors are thought to regulate avocado after-ripening. In summary, the 'Lisa' avocado transcriptome analyzed in this study provides a molecular basis for characterizing the hidden factors involved in avocado after-ripening. clustered in six different KEGG pathways related to fatty acid content variation. The "α-linolenic acid metabolism" (ko00592), "fatty acid degradation" (ko00071), and "fatty acid biosynthesis" (ko00061) pathways were clustered in both up-and downregulated DEGs. The "biosynthesis of unsaturated fatty acids pathway" (ko01040) was clustered in upregulated DEGs (Supplementary Table 4 ). The upregulated DEGs clustered in the KEGG pathway related to fatty acid metabolism had expression patterns differing from those reported in previous research. Earlier studies indicated that the number of fatty acid genes decreased during fruit after-ripening and may influence the α-linolenic acid content changes in avocado after-ripening. Whether different varieties, storage conditions or other factors lead to differences in expression patterns of DEGs remains to be further studied.
The transcription factor involved in avocado after-ripening
The transcription factors were expressed in all three stages of the after-ripening process. Since ethylene production starts at the preclimacteric stage and rapidly increases by the climacteric, ethylene could be a signaling molecule that influences avocado after-ripening. The RIN, NOR, and CNR genes encode MADS-box, NAC-domain, and SBP-box family transcription factors, respectively (Vrebalov et al., 2002; Manning et al., 2006; Giovannoni, 2007) . They act upstream of ethylene biosynthesis and perform key functions involved in fruit ripening control (Elitzur et al., 2010; Shan et al., 2012) . In this study, eleven ethylene-related-and two NAC transcription factors were identified. Five of the former and one of the latter were in subcluster I which upregulated at 6D. There were one NAC-and six ethylene-related transcription factors in subcluster II which upregulated at 3D but downregulated at 6D. The results suggest that the functions of these transcription factors differentiated during after-ripening regulation. Subcluster I, which upregulated at 6D (postclimacteric), might consist of transcription factors involved in senescence. Subcluster II, which upregulated at 3D (climacteric), may play an important role in afterripening (Fig. 8) . MYB, bHLH, and WRKY were also identified, and they might provide additional information as to which transcription factors are involved in avocado afterripening.
Conclusions
There was no significant difference in total fatty acid content among the preclimacteric, climacteric, and postclimacteric stages of 'Lisa' avocado fruit pulp maturation. Nevertheless, the amount of C18:3 (α-linolenic acid) increased significantly in the climacteric and postclimacteric stages. RNAseq generated 35,082 transcripts and 151,545 unigenes, and 4,324 DEGs were obtained for the three stages. The DEGs indicated that the pathways related to "α-linolenic acid metabolism", "unsaturated fatty acid biosynthesis", "fatty acid degradation", "linoleic acid metabolism fatty acid biosynthesis", "fatty acid elongation", and "linoleic acid metabolism and fatty acid elongation" were identified. They may account for the variation in the fatty acid content of 'Lisa' avocado fruit pulp. KEGG analysis identified 318 Supplementary Fig. 1 The LS represents 'Lisa' avocado; 0D, 3D, 6D represent the time in the after-ripening process; 1, 2, 3 represents biological repeats See attached files: Supplementary Table 2   Supplementary Table 3 Supplementary Table 4 
